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Excitation by Axon Terminal GABA Spillover in a Sound
Localization Circuit
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Synapses from neurons of the medial nucleus of the trapezoid body (MNTB) onto neurons of the lateral superior olive (LSO) in the
auditory brainstem are glycinergic in maturity, but also GABAergic and glutamatergic in development. The role for this neurotransmitter
cotransmission is poorly understood. Here we use electrophysiological recordings in brainstem slices from P3-P21 mice to demonstrate
that GABA release evoked from MNTB axons can spill over to neighboring MNTB axons and cause excitation by activating GABA ,R. This
spillover excitation generates patterns of staggered neurotransmitter release from different MNTB axons resulting in characteristic
“doublet” postsynaptic currents in LSO neurons. Postembedding immunogold labeling and electron microscopy provide evidence that
GABA ,Rsarelocalized at MNTB axon terminals. Photolytic uncaging of p-hydroxyphenacyl (pHP) GABA demonstrates backpropagation
of GABA ,R-mediated depolarizations from MNTB axon terminals to the soma, some hundreds of microns away. These somatic depo-
larizations enhanced somatic excitability by increasing the probability of action potential generation. GABA spillover excitation between
MNTB axon terminals may entrain neighboring MNTB neurons, which may play a role in the developmental refinement of the MNTB-LSO
pathway. Axonal spillover excitation persisted beyond the second postnatal week, suggesting that this mechanism may play a role in

sound localization, by providing new avenues of communication between MNTB neurons via their distal axonal projections.
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ignificance Statement

in the ability to precisely localize sound sources.

In this study, a new mechanism of neuronal communication between auditory synapses in the mammalian sound localization
pathway is described. Evidence is provided that the inhibitory neurotransmitter GABA can spill over between axon terminals to
cause excitation of nearby synapses to further stimulate neurotransmitter release. Excitatory GABA spillover between inhibitory
axon terminals may have important implications for the development and refinement of this auditory circuit and may play a role
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Introduction
Principal neurons of the mammalian lateral superior olive (LSO)
receive acoustic information from the two ears to compute inter-
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aural intensity differences used to localize sound sources in the
azimuth (Boudreau and Tsuchitani, 1970; Caird and Klinke,
1983; Oertel, 1999; Tollin, 2003). In maturity, LSO neurons re-
ceive glutamatergic synapses from the ipsilateral cochlear nucleus
and glycinergic synapses from the contralateral ear via the medial
nucleus of the trapezoid body (MNTB) (Finlayson and Caspary,
1989; Sanes, 1993; Kandler and Friauf, 1995). During develop-
ment, MNTB-LSO synapses are also glutamatergic (Gillespie et
al.,, 2005) and GABAergic (Kotak et al., 1998; Korada and
Schwartz, 1999; Kim and Kandler, 2003; Nabekura et al., 2004).
Neurotransmitter cotransmission has been documented in nu-
merous synapses (for review, see Hnasko and Edwards, 2012;
Vaaga et al., 2014), but the role of multineurotransmitter release
from developing MNTB neurons onto LSO neurons is poorly
understood. Loss of glutamate cotransmission at MNTB-LSO
synapses impairs the developmental refinement of MNTB-LSO
connections (Noh et al., 2010). However, despite the fact that
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MNTB-LSO synapses are predominantly GABAergic before
hearing onset (Kotak et al., 1998; Nabekura et al., 2004), the role
for GABA release at this synapse is not well understood.

Early in development in the MNTB-LSO circuit, the chloride
current mediated by GABA, or glycine receptors in postsynaptic
LSO neurons is excitatory, generating action potentials (Kandler
and Friauf, 1995; Ehrlich et al., 1999; Kullmann and Kandler,
2001) in addition to an increase in intracellular calcium (Kull-
mann et al., 2002). With development, the GABA ,R-mediated
component decreases, the glycine current increases to become
dominant, and postsynaptic LSO responses become both larger
and faster (Sanes, 1993; Kandler and Friauf, 1995; Kotak et al.,
1998; Nabekura et al., 2004; Kim and Kandler, 2010). GABAZ;R
on postsynaptic LSO neurons mediates synaptic depression (Ko-
tak et al., 2001; Chang et al., 2003), whereas GABAgR on presyn-
aptic MNTB axons have been implicated in synaptic circuit
development (Kotak et al., 2001; Grothe and Koch, 2011) and in
adjusting the strength of MNTB-LSO synapses (Magnusson et al.,
2008).

The excitatory action of “inhibitory” neurotransmitters at
presynaptic axon terminals is receiving increased attention. Gly-
cine and GABA, receptors on presynaptic terminals have been
long hypothesized and demonstrated (Eccles et al., 1963; Turecek
and Trussell, 2001; Ruiz et al., 2003; Pugh and Jahr, 2011). Pre-
synaptic GABA,R and glycine receptors can either have excit-
atory (Turecek and Trussell, 2002; Jang et al., 2006; Alle and
Geiger, 2007; Stell et al., 2007) or inhibitory (Eccles et al., 1963;
Zhang and Jackson, 1995; Glickfeld et al., 2009) effects on synap-
tic transmission. Recent work has demonstrated excitatory
presynaptic activity of GABA R in other systems, including cer-
ebellum where GABA 4R activation increases the somatic or axon
initial segment excitability (Pugh and Jahr, 2011, 2013) or in-
creases action potential conduction velocity (Dellal et al., 2012)
or probability (Stell, 2011). At the calyx of Held synapse onto
MNTB neurons, GABA, and glycine receptor activation in-
creases neurotransmitter release (Turecek and Trussell, 2001,
2002). Here we demonstrate that GABA spillover between MNTB
axon terminals in the LSO can excite MNTB axons by presynaptic
GABAR activation, which causes excitation of axon terminals
and neurotransmitter release. In addition, GABA-evoked depo-
larization of axon terminals in the LSO can propagate back to
MNTB somata where it increases neuronal excitability. Excit-
atory GABA spillover between MNTB terminals may play a role
in the developmental refinement of MNTB-LSO connections
and, after hearing onset, may provide a novel mechanism to co-
ordinate activity of similarly tuned MNTB neurons with overlap-
ping LSO termination patterns.

Materials and Methods

Animals and slice preparation. Brain slices were prepared from C57BL/6]
mice (Charles River) of either sex aged postnatal day 3 (P3)-P14 and
P20-P21. The 300-350 um transverse brain slices containing both
MNTB and LSO neurons were cut with a vibratome (Leica) in aCSF (in
mwm) as follows: 124 NaCl, 1.3 MgSO,, 5 KCl, 1.25 KH,PO,, 10 dextrose,
26 NaHCO;, 2 CaCl,; 1 mm kynurenic acid was included during slice
preparation, pH, 7.4 when bubbled with 95% O,/5% CO,. Slices were
stored at 32°C for 1 h in a custom interface chamber (for electrophysio-
logical recordings) or submerged (for calcium indicator labeling), and
then allowed to cool to room temperature. Slices were used within 4 h of
preparation. During all experiments, slices were continuously bathed in
recirculating aCSF bubbled with 95% O,/5% CO, at room temperature.

Electrophysiological recordings. Recordings were performed using a
MultiClamp 700B and DigiData 1440A controlled by Clampex 10.3 soft-
ware (Molecular Devices). Recordings were sampled at 50 kHz and fil-
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tered online at 10 kHz. Postsynaptic currents (PSCs) were recorded in
LSO principal neurons identified by their large, bipolar morphology (Ri-
etzel and Friauf, 1998), presence of an I, current, and absence of an
A-type potassium current (Sterenborg et al., 2010). Internal solution for
LSO voltage-clamp recordings contained the following (in mm): 56 CsCl,
49 CsOH, 54 p-gluconic acid, 1 MgCl,, 1 CaCl,, 10 HEPES, 11 EGTA,
0.3-Na-GTP, 2 Mg-ATP, 3 Na,-phosphocreatine, 5 QX-314. In some
experiments, AlexaFluor-568 hydrazide (10 uwm) was included. pH was
adjusted to 7.2 with CsOH. The Cl~ equilibrium potential was ~—20
mV. For “conditioning” experiments (see Fig. 6) (Magnusson et al.,
2008), QX-314 was excluded from the solution. Internal solution for
current-clamp LSO and MNTB recordings contained the following (in
mM): 56 KCl, 54 K-gluconate, 1 MgCl,, 1 CaCl,, 10 HEPES, 11 EGTA, 0.3
Na-GTP, 2 Mg-ATP, 5 Na,-phosphocreatine. pH was adjusted to 7.2
with KOH. Recording pipettes were pulled from 1.5 mm outer diameter
borosilicate glass (Sutter Instruments) to tip resistances of 3—6 M{). Series
resistances were corrected 60%—80%. Cells were voltage-clamped at —60
mV unless stated otherwise. Membrane voltages were not adjusted for a
measured liquid junction potential of —5 mV (Cs gluconate solution) or
—6.5 mV (K gluconate solution) unless noted. MNTB axons were elec-
trically stimulated to evoke neurotransmitter release and generate PSCs
in the LSO neuron by a glass pipette (tip resistance ~1.5-3 m(}) filled
with aCSF placed in the MNTB axon bundle, at the lateral edge of the
MNTB. MNTB axons were stimulated at 0.1 Hz, current amplitude
5-1000 pA, by an Iso-Flex (AMPI). Drugs were bath applied by addition
to the aCSF solution (Tocris Bioscience, Sigma).

In some experiments, the MNTB-LSO pathway was mechanically sev-
ered with a scalpel cut placed lateral to the boundaries of the MNTB,
extending from the ventral surface of the brainstem dorsally to approxi-
mately the level of the ventral border of the trigeminal motor nucleus.
Completeness of cut was evaluated by visually verifying the presence of a
tissue-free gap between the slightly separated parts of the slice.

Two-photon imaging and GABA uncaging. Experiments were
performed on a custom VIVO electrophysiology/2-photon rig (3I:
Intelligent Imaging Innovations). Slices were visualized for electr-
ophysiological recordings on a Zeiss Examiner D1 microscope with a
20X 1.0 N/A objective. 2-Photon imaging of OGB-1 AM calcium dye and
AlexaFluor-594 hydrazide-filled neurons was performed with a Chame-
leon Ultra infra-red laser (Coherent) tuned to 810 nm at 10% power
(~250 mW, controlled by Pockels cell). Laser uncaging of RuBi-GABA
was performed with a 488 nm solid state laser. Green and red emissions
were detected by two GaAsP PMTs (Hamamatsu). Imaging and laser
uncaging were controlled with SlideBook software version 5.0-5.5 (31).

For GABA uncaging experiments, slices were incubated for 1 hwith 2.5
mM OGB-1 AM calcium indicator dye dissolved in 20% pluoronic in
DMSO (Invitrogen). MNTB neurons with axons extending to the LSO
were identified as follows: a recording pipette was placed near the MNTB,
containing 100 um AlexaFluor-594 hydrazide added to the internal solu-
tion. A stimulating electrode was placed in the medial LSO, containing
aCSF with 10 um AlexaFluor-594 hydrazide for localization of the stim-
ulation site under 2-photon imaging. MNTB axon terminals in the LSO
were electrically stimulated (as above), 500 wA, 3 X 100 Hz every 55, and
MNTB somata were simultaneously imaged (810 nm 2P excitation, 400
ms interframe intervals). MNTB neurons that responded to the axon
terminal stimulation with retrograde action potentials were identified by
fluorescence increase (8F/F) coinciding with the electrical stimulation,
indicating that their axons project to the LSO. The recording pipette was
then positioned at the cell of interest using 2-photon excitation, and the
MNTB neuron was patched for whole-cell current-clamp recording
under bright-field illumination. RuBi-GABA (20—100 um) (Tocris Bio-
science) was bath applied and uncaged using the 488 nm laser (3I) at
40%-100% power (of 50 mW), guided by 2P imaging of tracer-filled
MNTB axons (810 nm). Photostimulation laser pulse duration was 100 —
500 ms for single pulses, or 100 ms pulses at 5 Hz for trains. Total train
duration was 8-26 s. In separate experiments, pHP-GABA (100-500
uM) (Givens et al., 1997, 1998) was bath applied. MNTB neurons with
axons projecting to the LSO were identified as above. Uncaging of pHP-
GABA was performed using illumination from a mercury lamp transmit-
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ted via a 50- or 200-um-diameter optical fiber, positioned using bright-
field optics (Kim and Kandler, 2003; Kandler et al., 2013).

Electron microscopy. Postembedding immunogold labeling after fre-
eze substitution was performed as previously described (Rubio and
Wenthold, 1997). In brief, after a 10 min transcardial perfusion with 4%
PFA and 0.5% glutaraldehyde in 0.1 M phosphate buffer, and 1 h postfix-
ation at 4°C, fixed brains were cut into 150 pm slices containing the LSO
from P12 mice ona VT1000S vibratome (Leica Microsystems). Ultrathin
sections (80 nm) were cut using a UC7 ultramicrotome (Leica Microsys-
tems). Following freeze substitution with Lowycril HM20 (Electron
Microscopy Sciences), ultrathin sections were incubated with a mouse
monoclonal primary antibody against the N-terminal domain of
GABA 4R 32/3 subunit (clone 62-3G1/05—474, Millipore) at a dilution of
1:100. The secondary anti-mouse antibody with 5 nm-conjugated gold
particles (Ted Pella) was applied at a dilution of 1:30. Sections were
imaged at X50,000 or X 10,000 magnification on a JEOL 1400 transmis-
sion electron microscope (JEOL). In the images the Adobe Photoshop
was used to darken the gold particles to enhance visibility against
background.

Data analysis and software. Electrophysiological data were analyzed
using Clampfit 10.4, and spontaneous (s) PSCs were analyzed with Mini-
Analysis version 6.0.7 (Synaptosoft). To isolate the effect of drugs on
MNTB inputs, only large amplitude PSCs were analyzed as an attempt to
avoid sPSCs generated by cochlear nucleus inputs (Kim and Kandler,
2010) as follow: For P3-P6, PSCs > 25 pA were analyzed, and for P7-P14,
PSCs > 50 pA were analyzed in control conditions. To adjust for the
reduced amplitude of sPSCs in the presence of GABA receptor antago-
nists, the minimum acceptable sPSC amplitude was reduced by the same
proportion as observed for the reduction of evoked synaptic responses in
the same cells. Drug-induced difference of sPSC rates were tested by
ANOVA with a post hoc Scheffé test.

Analysis of “doublets” was performed blind to the experimental
condition and animal age using randomized file order and a custom
MATLAB program (R2012a; MathWorks). If a drug had no apparent
effect on doublet occurrence, then in some cases a second drug was
added. If the second drug had an effect, then these cells were excluded
from the washout population. Statistical tests included ANOVA with post
hoc Schefté, one-sample, and two-sample Student’s ¢ tests, indicated in
the text. Paired-pulse ratio (PPR) data plotted in Figure 2G were fit to a
Hill function with a zero intercept; then the predicted PPR value for a 3
ms interstimulus interval (ISI) was determined from the fitted curve. A
range of predicted “PPR” values for 3 ms was calculated by translating the
actual 5 ms PPR ratios to the predicted 3 ms PPR and applying the same
SD. The values for the predicted 3 ms PPR were then compared with the
actual amplitude ratios measured from the second and first component
of doublets using a paired ¢ test with Welch correction for unequal vari-
ances. For stimulus train data, the proportion of doublets was calculated
from 3 to 24 trains of 20 pulses each. Statistical increase of doublets
during a train was tested using linear regression analysis. The magnitude
of the change in doublets during stimulus trains was calculated from the
percentage difference between the first three stimuli, averaged, and the
last three stimuli, averaged (Student’s ¢ test). The number of PSCs during
fast (100—300 Hz) trains was determined by eye (per 10 stimulations);
then the difference in PSCs per 10 stimulations was compared across age
groups by ANOVA with post hoc Scheffé. The interval from the onset of
the first evoked PSC to the onset of the subsequent PSC (inter-PSC
interval) was measured in pClamp and compared across age groups by
ANOVA with post hoc Tukey’s test. PPRs in control and drug conditions
were compared using paired t tests at each ISI. The “excitability index” to
measure action potential threshold changes in response to GABA uncag-
ing was calculated according to Pugh and Jahr (2013). Statistical analysis
was performed with Origin 9.1 (Origin Laboratory). 2-Photon imaging
data were collected and analyzed using SlideBook version 5.5 (3I). For
fiber optic uncaging experiments, bright-field images were collected us-
ing a USB analog to digital converter (kworld) and CyberLink PowerDi-
rector version 7 software. In the text, all data are presented as mean = SD.
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Results

Whole-cell voltage-clamp recordings were performed from LSO
primary neurons in brain slices from P3 to P21 mice. Electrical
stimulation of MN'TB axons evoked PSCs in LSO neurons. At low
stimulation intensity, the evoked PSCs were monophasic, with
amplitudes and kinetics consistent with previously published
work (Sanes, 1993; Kotak et al., 1998; Kim and Kandler, 2003,
2010). However, in more than half of the cells (58 of 94), an
unusual pattern of PSCs was observed at intermediate stimulus
intensities. These unusual PSCs consisted of two or more com-
ponents following a single stimulus. Further, the pattern of the
two components was remarkably consistent with repeated stim-
ulation (0.1 Hz) (Fig. 1A). We term this PSC pattern phenome-
non “doublets.” In a doublet PSC, the first component could
occur without the second, but the second component was rarely
observed without the first. The relative amplitude of the two
doublet components was consistent for a given cell but variable
between cells (Fig. 1A).

Doublets were recorded in slices from mice at all ages tested
from P3 to P21 (Fig. 1B). The difference in the onset latencies
between the first component and the second component was on
average ~3 ms. Latency differences decreased slightly with age,
but differences were not significant, except between the oldest
and youngest animal groups (Fig. 1C). Doublets were further
characterized in P3-P14 mice because the high rate of spontane-
ous synaptic activity in P20-P21 mice made unambiguous desig-
nation of doublets more difficult.

The amplitudes of each component of doublets were mea-
sured at membrane holding potentials from —60 mV to 40 mV
(Fig. 1D, E). Both doublet components reversed near the calcu-
lated chloride reversal potential (—20 mV), suggesting that both
components are mediated by GABA, and/or glycine receptors,
consistent with GABA/glycinergic synaptic inputs from MNTB
axons (n = 6). The proportion of doublets was unaffected by
increasing the slice temperature to physiological temperature
(33°C-37°C) (proportion of doublets at room temperature:
0.70 £ 0.26,70—-120 traces; 33—37°C: 0.77 = 0.24, 60—-130 traces;
return to room temperature: 0.76 = 0.31, 40-240 traces, n = 7
cells, p = 0.85).

The amplitudes and rise times of the first and second doublet
components were measured in cells in which the two compo-
nents had distinct peaks. Across all cells, the amplitude of the first
component was larger than that of the second component (first
component 531.7 = 964.5 pA, second component 170.4 £ 197.7
PA, p = 0.036, n = 25). When separated by age, however, the
amplitudes only differed statistically for the P6-P8 age group
(first component 432.5 = 391.3 pA, second component 88.6 =
48.3 pA, n = 8,p = 0.044; Fig. 1 F,G). Across all cells, the rise time
of the first component was longer than that of the second com-
ponent (first component 2.22 * 0.78 ms, second component
1.52 = 0.68 ms, n = 25; p < 0.0001), although this difference did
not reach statistical significance in the P12-P14 group (first com-
ponent 1.57 * 0.38 ms, second component 1.16 = 0.42 ms, n =
5, p = 0.087; Fig. 1 H,I). Shorter rise times for the second com-
ponent may reflect differences in dendritic filtering due to differ-
ent dendritic locations, or a membrane shunting due to open
neurotransmitter receptor channels caused by the first compo-
nent. As expected (Kim and Kandler, 2010), the rise times of the
first component accelerated with increasing animal age (P3-P5
compared with both P9-P11 and P12-P14, p < 0.0001, n = 25;
Fig. 1 H,I). To test for possible different locations of the synapses
mediating the first and second component, we calculated the
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ratio between the amplitude and rise time
of the two doublet components (Fig.
1],K). No differences were detected be-
tween the amplitude/rise time ratio for
the first and second doublet components
overall (first component 333.8 = 743.8
pA/ms, second component 164.4 + 267.4
pA/ms, n = 25; p = 0.111) or at any age
group (Fig. 1H,I), suggesting that syn-
apses mediating the two components are
not localized to separate somatodendritic
compartments.

Each component of a doublet is evoked
from distinct MNTB neurons

To test whether the two components of a
doublet were caused by the same or by
different MNTB axons, we performed
four experiments. First, recordings were
performed from LSO neurons while
MNTB axons were stimulated with trains
of electrical pulses from 100 to 300 Hz. At
all ages tested, MNTB neurons were able
to reliably release neurotransmitter with
100 Hz stimulation (inter-PSC interval
average 11.2 = 1.5 ms, n = 24 cells; Fig.
2B). With the exception of the P12-P14
age group, the rate of PSCs decreased with
faster stimulation rates, yielding a longer
average inter-PSCinterval (200 Hz pooled
average 20.7 = 15.12 ms latency, n = 22
cells; p > 0.05 compared with 100 Hz; 300
Hz pooled average 23.2 = 15.3 mslatency,
n = 16 cells, p > 0.05 compared with 100
Hz Fig. 2B). The decreased rate of release
at higher stimulation frequencies was evi-
dent in the decreasing number of PSCs
elicited by 10 sequential stimuli delivered
at increasing rates (Fig. 2C). The shortest
PSC intervals observed at any stimulation

<«

grouped by postnatal age (left to right, n = 12,22,17,7,3).D,
Example doublet traces recorded at the membrane holding volt-
ages indicated (after liquid junction potential correction). Ten se-
quential overlaid traces of evoked currents generated at 0.1 Hz. E,
Thefirstand second components of the doublet PSChave the same
reversal potential of ~ —20mV, corresponding tothe (I ~ rever-
sal potential (average of 6 neurons, after liquid junction potential
correction). F, Average amplitude of first and second components
of doublets grouped by postnatal age (left to right by age group,
n=15,8,7,5). G, Relationship between the amplitudes of the
second doublet component and first doublet component for each
cell. H, Comparison of the rise times of the first and second compo-
nents of doublets, grouped by postnatal age (left to right by age
group, n = 5,8, 7, 5). I, Relationship between rise times of the
second component and first component for each cell. J, Ampli-
tude/rise time ratio plotted for the first and second doublet com-
ponents, grouped by postnatal age (n = 5,8, 7, 5). K, Amplitude
by rise time for each cell, for both the first component (squares)

and the second component (triangles). F~K, Only cellsin which the
second component started after the peak of the first component
were included. Error bars indicate SEM. *p << 0.05, **p << 0.01,
**EEp <0,0001.

Figure 1. Characterization of “doublet PSCs” at developing MNTB-LSO synapses. A, Example “doublet” PSCs recorded in LSO
neurons in response to electrical stimulation of MNTB axons. Ten overlaid sequential traces evoked at 0.1 Hz. Arrowhead indicates
onset of second component of doublet. B, Proportion of neurons in which doublets were observed, grouped by postnatal age (left
toright,n = 19,42,23,10,7). C, Average latency from onset of the first component of doublets to onset of the second component,
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Figure2.  Thetwo components of a doublet PSCare generated by different populations of MNTB neurons. A, Left, PSCs elicited by electrical stimulation of MNTB axons at 100 Hz. ISI (bottom) and resulting
inter-PSCinterval (top) indicated. Gray represents stimulus artifact. Right, Same neuron, PSCs elicited by 300 Hz stimulation. B, Average inter-PSCinterval for the first two PSCs evoked by stimulation trains at
100-300Hz, grouped by postnatal age. €, Average number of PSCs evoked by 10 pulses of stimulation at different frequencies, grouped by postnatal age. D, Average shortest inter-PSCinterval at any stimulation
rate between the first and second PSC. B-D, P3-P5,n = 4 or 5; P6-P8, n = 5-8; P9-P11,n = 4—6; P12-P14,n = 3-5. F, Example traces showing the electrical stimulation intensity dependence of doublet
PSCs, 5 traces overlaid per stimulation intensity. Stimulation current amplitudes indicated above traces. F, Relationship between the proportion of doublets (of 10 sequential MNTB shocks at 0.1Hz) and stimulus
intensity. Each line indicates a single cell, 12 cells overlaid. “Low stim/min doublets” indicates the stimulus intensity with zero doublets, just below the intensity at which doublets first occurred. “Mid stim/peak
doublets” indicates the stimulus intensity at which the highest proportion of doublets were observed. “High stim/reduced doublets” indicates the stimulus intensity at which doublets were reduced to their
minimum, following the peak. Stimulus amplitude was normalized to the range of low and high intensity for each cell. Actual stimulus amplitudes for plotted cells varied (“low stim” range 5-50 (1A, average
18.2 £ 14.7 uA; "high stim” range 25-500 1A, average 101.3 = 127.9 A, n = 12 cells). G, PPRs plotted by IS (black, n = 10 cells). Data were fit with a Hill function (red line) with V,,, = 1.007,k = 6.917,
n = 3.012. Ratio between the second and the first component of “doublet” PSCs plotted in blue (n = 25 cells). Inset, Zoom of x-axis. Predicted PPR fora 3 ms ISl included. Errors bars taken from the 5 ms data
point. Asterisk indicates significant difference between actual doublet ratio and predicted 3 ms PPR. A—G, Error bars indicate SEM. ns, Not significant. *p << 0.05, **p << 0.01, ****p << 0.0001.
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Figure 3.

Rapid stimulation enhances the likelihood of eliciting doublet PSCs in LSO neurons. 4, Proportion of doublets in evoked PSCs in a representative LSO neuron during a train of 20 Hz

(average of 6 —9 trains per data point). B, Proportion of cells in which proportion of doublets increased during the course of a stimulus train. €, Histogram of the percentage change in doublets during
train stimulation measured from the average of the first three pulses and the last three pulses in a 20 pulse train. Black represents pooled data from all cells. Red represents pooled data from subset
of cells exhibiting an increase in doublets during trains. Blue represents pooled data from subset of cells exhibiting no increase in doublets during trains. 10 Hz:n = 9,2,7; 20Hz:n = 12, 3,9; 50
Hz:n=19,4,5;100 Hz:n = 7,0, 7. Asterisks indicate data significantly different from zero. *p << 0.05, **p << 0.01 (one-sample Student’s  test). A—C, Error bars indicate SEM.

frequency decreased as a function of age (Fig. 2D; shortest inter-
PSC interval: 4.8 ms at P13). Importantly, the shortest possible
inter-PSC interval was always longer than the 3 ms interval that
occurred between the two components in a doublet, arguing
against the possibility that the two components of a doublet are
due to neurotransmitter release from the same MNTB axon(s).

Second, we determined the occurrence of doublets as a func-
tion of stimulus strengths. Doublets did not occur at minimal
stimulation intensities at which <<50% of trials elicited a PSC.
With increasing stimulation intensity, the proportion of doublets
observed in 10 successive electrical stimulations at 0.1 Hz in-
creased, suggesting that an increased number of activated axons
generating additional neurotransmitter release promotes dou-
blets. The average stimulation intensity that elicited the maxi-
mum proportion of doublets was 103.3 * 192.5 uA (n = 23);and
on average, the doublet occurrence decreased at stimulation in-
tensities >220 * 268 nA (range 40—1000 wA), with a clear loss of
the second, but not the first, component (n = 26; Fig. 2E; subset
of 12 neurons with fine-grained stimulus increments plotted in
Fig. 2F). This supports the hypothesis that the two components
of doublets were evoked by neurotransmitter release from
different MNTB axons; the second component of a doublet is
indirectly caused by the first component. However, at high stim-
ulation intensities, the MNTB axons responsible for the second
component will be stimulated directly and the neurotransmitter
release underlying both the first and second component will oc-
cur synchronously, yielding a large monophasic PSC (Fig. 2E).
For further experimentation, the stimulus intensity was lowered
to an intermediate value.

Third, if both doublet components arise from the same axon
population, then one would expect that they would exhibit
paired-pulse depression. To test this hypothesis, we compared
the amplitude ratio of the second and first component in a dou-
blet to the amplitude ratios of the first and second responses
elicited by stimulus pairs (PPR). Because MNTB neurons do not
release neurotransmitter at intervals as fast as 3 ms (Fig. 2A-D),
we plotted PPRs for ISIs from 5 to 100 ms. Using a curve fit to the
data, we determined the predicted PPR value for an ISI of 3 ms,
corresponding to the ~3 ms doublet latency difference. The mea-
sured amplitude ratios of doublets were significantly different
from the predicted 3 ms PPR (doublet ratio 0.957 = 1.765, n =
25; predicted PPR 0.073 * 0.173 [variance taken from 5 ms data
point], n = 10; p = 0.02 by two sample Student’s ¢ test with Welch
correction for unequal variance; Fig. 2G). This further supports

the hypothesis that the two components of doublets originate
from different MNTB axons.

Finally, we tested whether doublets could be due to the firing
of two consecutive spikes in the same MNTB terminal, the first
spike being directly elicited by the electrical stimulation and the
second spike being a reflected antidromic spike generated in the
MNTB soma or initial axonal segment. Because this scenario
requires an intact MNTB soma, we tested for the presence of
doublets in slices in which the MNTB-LSO pathway was severed
(3 slices). Cutting the MNTB-LSO pathway did not abolish dou-
blets, which were observed in 3 of 5 LSO neurons, indicating that
the second component is not due to a reflected somatic spike.

Repeated stimulation of MNTB axons increases the rate

of doublets

Rapid electrical stimulation of MNTB axons increased the occur-
rence of doublets. Stimulus trains (20 pulses) were applied to
MNTB axons at rates from 10 to 100 Hz (n = 3-24 trains per
experiment, per stimulation rate). Stimulus trains increased dou-
blets in 66% of cells as determined by linear regression analysis
(n = 12 experiments; Fig. 3 A, B). Stimulation at 50 Hz was most
effective at increasing the proportion of doublets during a train
(increase in 4 of 9 cells; p < 0.01 for each cell, all 9 cells increase:
37.8 = 39.5%, n =9, p = 0.02; 4 cells with a significant increase:
71.4 = 14.1%, n = 4, p = 0.002; Fig. 3B,C). The 10 Hz and 20 Hz
stimulations were less effective in increasing doublet occurrence
(10 Hz: increase in 2 0of 10 cells, p < 0.01, all 10 cells: 16.4 = 70.3%
decrease, n = 9; 2 cells with a significant increase: 56.7 * 33.0%
increase, n = 2; 20 Hz: 3 of 12 cells, p < 0.05, all 12 cells average
increase 24.7 = 44.3%, cells with significant increase: 73.9 *
22.5%, n = 3, p = 0.03; Fig. 3 B, C). Stimulation at 100 Hz never
increased doublets (n = 7, average increase 2.6 * 26.6%;
Fig. 3B,C).

Neurotransmitter receptors implicated in doublet generation
Glycine, GABA, and glutamate, the three neurotransmitters re-
leased from developing MNTB-LSO connections, were each
tested for their role in doublet generation. Receptor antagonists
for these neurotransmitters were applied in experiments with a
high initial proportion of doublets. When receptor antagonists
reduced doublets, they did so by eliminating the second, not the
first, component of the postsynaptic response (although the
amplitude of both components of the doublet PSC could be
equally reduced by postsynaptic receptor blockade). Impor-
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Figure4. GABA, and glutamate receptors are involved in the generation of doublet PSCs. A, Left, Proportion of evoked PSCs containing doublets. Each point represents the mean of 4 -23 cells

(gabazine) or 3—13 cells (other drugs) for 10 sequential stimuli. Shaded box represents period of drug application. Data are aligned to the onset of drug. Lines above data indicate data range used
for statistical tests, 12 time points per condition (window selected to include the maximal number of cells). Note the sudden baseline change and larger error bars in “wash” portion of C. Cells that
did not respond to APV/CNQX were tested sequentially for other drugs and thus not included in wash. Therefore, wash portion only includes those cells in which APV/CNQX reduced doublets. *p <
0.05, compared with predrug conditions. ****p << 0.0001, compared with predrug conditions. Right, Example evoked PSC traces from a single cell before, during, and after application of drug
indicated. Ten sequential traces overlaid; black represents doublet traces. Drugs that eliminated (gabazine, APV/CNQX) or enhanced (guvacine) the occurrence of doublets acted at the second
componentin a doublet but never the first component. F, Percentage change in doublets in drug conditions compared with control, for the time points indicated by horizontal lines above the plots

in A-E. Each dot indicates one cell. A—F, Error bars indicate SEM.

tantly, when doublet occurrence was reduced, the second
component “blinked” in and out with each stimulating pulse
in an all-or-nothing manner, instead of being gradually re-
duced in amplitude.

Application of the GABA, receptor antagonist gabazine (30
uM) significantly reduced the occurrence of doublets (27.7 =
31.2% decrease, p < 0.0001, n = 23; Fig. 4A,F). The ionotropic
glutamate receptor blockers APV (50 um) and CNQX (5 uM) also
reduced doublets (33.7 = 48.5%, p = 0.018,n = 13; Fig. 4C,F). In
contrast, the glycine receptor antagonist strychnine (100 nm) and
the GABAj receptor antagonists saclofen (30 um) or CGP 54626
(100 nm, data not shown) did not reduce doublets (strychnine:
13.8 = 26.6% decrease, p = 0.11, n = 7; Fig. 4 D, F; saclofen/CGP
54626: 5.8 * 40.9% decrease, p = 0.33, n = 11; Fig. 4E,F). To
better understand GABAergic signaling in the developing
MNTB-LSO pathway, we focused the remainder of our experi-
ments on the role of the GABA,Rs in the generation of doublets.

To test whether an increase in GABA levels and GABA, R
activation can increase the proportion of doublets in cells with a
low doublet occurrence, GABA reuptake was blocked with guva-
cine (30 uM). Guvacine significantly increased doublets (97.4 =

145.4% increase, p = 0.049, n = 8; Fig. 4B,F). The effect of
guvacine, together with the increased occurrence of doublets
with increased stimulus intensity or frequency (Figs. 2; 3), sup-
ports the hypothesis that GABA spillover excites MNTB axon
terminals, which then generate the second, slightly delayed com-
ponent in the doublet PSCs.

Axonal location of GABA R

The above hypothesis predicts that MNTB axons in the LSO ex-
press presynaptic GABA,Rs. To explore this, we localized
GABA,Rs at putative MNTB axon terminals in the LSO using
post-embedding immunogold labeling with an antibody against
the 82/3 GABA 4R subunits (de Blas et al., 1988). Putative MNTB
presynaptic terminals were identified by their symmetric synaptic
contacts typical of inhibitory synapses (Fig. 5A), which are dis-
tinct from the excitatory asymmetric synaptic contacts formed by
presumed cochlear nucleus glutamatergic inputs (Fig. 5B). Con-
sistent with previous studies in gerbils (Korada and Schwartz,
1999), GABAR labeling was found at inhibitory synaptic con-
tacts on both cell bodies and dendrites in the LSO (Fig. 54,C).
Antibody labeling was not present at excitatory synaptic contacts
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(Fig. 5B). Within inhibitory synaptic ter-
minals, GABA,R labeling was found at
the synaptic cleft as well as in axon termi-
nal membranes opposite the synaptic
contact (Fig. 5C,D). Although synaptic
cleft immunolabeling could not be classi-
fied as presynaptic or postsynaptic be-
cause the antibody labels the extracellular
N terminus of the receptor, the labeling at
locations that are far from the synaptic
cleft demonstrates nonsynaptic GABA ,Rs
in presynaptic inhibitory terminals that
may mediate interterminal GABA spill-
over. In support of this, axon terminal
boutons, some of which possess nonsyn-
aptic GABA,R labeling, could be in close
proximity to each other (Fig. 5D). Because
the postembedding immunolabeling pro-
cess affects visualization of membranes
and makes classification of synapses more
difficult, we examined different sections
from the same tissue before immunola-
beling. In these samples, identified inhib-
itory terminals were found adjacent to
each other and not separated by glial
membranes (Fig. 5E, F), supporting our
hypothesis that GABA can diffuse be-
tween inhibitory axon terminals in the
LSO.

Doublets are not caused by dendritic
GABA release

In the LSO, GABA is released from pre-
synaptic MNTB axons as well as postsyn-
aptic LSO dendrites (Magnusson et al.,
2008). To test whether GABA release
from dendrites may underlie doublets,
we performed “conditioning depolariza-
tion,” stepping the holding potential of
LSO neurons to 0, 20, and 40 mV for 500
ms immediately before electrical stimula-
tion, conditions that have been previously
shown to evoke GABA release from LSO
dendrites. We observed no effect of con-
ditioning depolarization on doublet oc-
currence (proportion of doublets before
conditioning pulse: 0.48 = 0.14; propor-
tion of doublets after conditioning pulse:
0.37 £ 0.17, p = 0.11, paired t test; n = 7
cells, 20-180 repetitions per cell; Fig. 6A).
Furthermore, depolarization condition-
ing of LSO neurons (Fig. 6B) did not
increase spontaneous PSC frequency
(control: 4.7 = 3.5 Hz; conditioning:
4.1 = 3.1Hz,p = 0.29, paired ttest; n = 12
cells, 10—40 repetitions per cell; Fig. 6B).
Finally, trains of postsynaptic action po-
tentials elicited by brief current injections
(5002000 pA, 1 ms pulse duration, 100
Hz, 1 s train duration) had no effect on the
rate of spontaneous postsynaptic poten-
tials (control: 4.4 * 3.7 Hz; during train:
4.7 * 5.3 Hz, p = 0.78, paired t test;
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Figure5. GABA,R localization to inhibitory axon terminals in the LS0. A, Electron micrograph of a presumed MNTB axon
terminal (AT) forming an inhibitory synaptic contact in the LSO (symmetric, extent indicated by arrowheads). Inmunogold
labeling of GABA,R (5 nm gold particles, arrows). A postsynaptic intracellular gold particle is visible, possibly indicating a
receptor being trafficked. Ai, Zoom of gold particle labeling in A. B, GABA,R labeling is not observed at an excitatory
synaptic contact (asymmetric, indicated by arrowheads) onto a dendrite (D). C, Gold particles (arrows) label GABA,R at an
inhibitory synaptic contact (arrowheads) onto a cell body (CB), as well as at a second location opposite the synaptic contact
(in red dashed box). Ci, Zoom of region indicated in C. D, Gold particles (arrows) label GABA,R (in red dashed box) at a
nonsynaptic region of an AT, adjacent to another unidentified AT. Di, Zoom of region indicated in D. E, F, Electron
micrographs from sections that did not undergo immunolabeling. E, An inhibitory (presumed MNTB) synaptic contact
(arrowheads) onto a dendrite (D) in the LSO, adjacent to two unidentified ATs. F, An inhibitory AT synaptic contact
(arrowheads), adjacent to an inhibitory AT, and a third unidentified AT. Scale bar, 100 nm.
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Figure6.  Doublet PSCs are not due to release of GABA from LSO dendrites. 4, Top, Example
of control PSCs with a proportion of doublets of 0.3 (average for this cell 0.35 == 0.33,n = 6 sets
of 10 stimuli). Bottom, PSCs evoked with identical stimulation 20 ms following a “conditioning
stimulus” depolarization to 0 mV for 500 ms. Proportion of doublets was 0.3 (average for this
cell0.33 = 0.21,n = 6sets of 10 stimuli, 2-20 ms following conditioning depolarization). Red
represents doublet traces. Black represents monophasic traces. B, Example traces showing
spontaneous events in control conditions (— 60 mV) and during “conditioning stimulation” (40
mV). Ten overlaid traces; black represents single trace. Depolarization to 40 mV did not
increase PSCs.

n = 5-17 trains for each cell, n = 5 cells). These results indicate
that LSO dendrites are not the source of GABA that acts at MNTB
axonal terminals to evoke doublet PSCs. Instead, the most likely
source of GABA causing doublets are the MNTB axons
themselves.

Presynaptic activity of GABA at MNTB axons

Presynaptic, excitatory glycine or GABA R activity can increase
neurotransmitter release by increasing the probability of release
(Turecek and Trussell, 2001, 2002; Ruiz et al., 2003; Awatramani
etal., 2005; Stell et al., 2007; Pugh and Jahr, 2011) or by generat-
ing presynaptic action potentials (Pugh and Jahr, 2013). To test
whether GABA ,R on MNTB axon terminals change release prob-
ability, we performed paired-pulse experiments and measured
changes in spontaneous neurotransmitter release in response to
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Figure7.  PPRsare unaffected by presynaptic GABA, receptor activation. 4, PPRs at varying
ISIsin control (black) and in the presence of 30 um gabazine (blue) (n = 12—15 cells per IS;n =
12-50 traces per IS per cell). B, PPRs in control (black) and in the presence of 30 um guvacine
(blue) (n = 6 or 7 cells per ISI; n = 12— 40 traces per ISI per cell). Data are mean = SEM.

pharmacological activation or blockade of GABA,R. PPRs (ISIs
10-500 ms), similar to previously published data (Kim and Kan-
dler, 2010; Alamilla and Gillespie, 2013; Trattner et al., 2013),
were not changed by gabazine (30 um) or guvacine (30 um)
(gabazine vs control, p > 0.05, paired t tests, n = 12—15 neurons;
Fig. 7A; guvacine vs control, p > 0.05, n = 7 neurons; Fig. 7B).
Because presynaptic GABALRs can decrease release probability
from MNTB axons (Kotak et al., 2001), some of these release
probability changes were tested in the presence of saclofen to
eliminate any confounding effects of GABA R. However, even
under the conditions of GABAg R blockade, neither gabazine nor
guvacine altered PPRs (gabazine vs control: p > 0.05, paired ¢
tests, n = 5—7 neurons per ISI; guvacine vs control: p > 0.05, n =
4 neurons per ISI). Gabazine and guvacine also did not change
the variability of the PPR, which could have indicated a change in
release probability (control vs gabazine: p = 0.55 by ANOVA, ISIs
pooled, n = 15 cells, control vs guvacine p = 0.4089 by ANOVA,
ISIs pooled, n = 7 cells). In addition, gabazine and guvacine did
not change the spontaneous PSC rates in LSO neurons (gabazine:
control: 1.74 = 1.36 Hz, + gabazine: 1.91 = 1.41 Hz, n = 7 cells,
p = 0.72; guvacine: control: 0.93 * 1.30 Hz, + guvacine: 1.74 =
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Figure 8.  Focal uncaging of RuBi-GABA at MNTB axon terminals evokes a depolarization in
the MNTB soma. 4, B, Method to record from MNTB neuron with intact axon terminals in the
LSO. Ai, MNTB neurons stained with the calcium indicator 0GB-1 AM (green). Box represents
region enlarged in Aii. Aii, Zoom of labeled MNTB neurons during baseline conditions. Aiii,
Same view as Aii during electrical stimulation of MNTB axon terminals. Red box represents
region of interest used to measure fluorescence intensity changes. B, 0GB-1AMresponse (F/F)
for cell indicated in Afii during electrical stimulation of MNTB axon terminals. ¢, Maximum
intensity projection of a stack of 2-photon optical sections illustrating an MNTB neuron from
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1.67 Hz, n = 5 cells, p = 0.58). Although the lack of PPR change
came unexpectedly, based upon these results, we conclude that
GABA R activation on MNTB axon terminals does not alter ves-
icle release probability.

Action potentials evoked in MNTB neurons by axon terminal
GABA R activation

We next tested whether presynaptic GABA ,Rs could cause depo-
larization and action potentials in MNTB neurons by directly
activating MNTB axon terminals via focal GABA application.
MNTB neurons with uncut axons projecting to the LSO were first
identified using a combination of electrical stimulation and
2-photon calcium imaging (Fig. 8A). To this end, we electrically
stimulated the medial LSO (3 pulses at 100 Hz, 500 nA) while
monitoring calcium responses elicited by antidromic spikes in
OGB-1 labeled MNTB neurons (Fig. 8B). We then targeted re-
sponding MNTB neurons for whole-cell recordings using 100 um
AlexaFluor-594 hydrazide containing pipettes to fill their axons
(Fig. 8C). Following complete fill of the axonal arbor (45 min),
20-100 uMm RuBi-GABA, a caged GABA molecule (Rial Verde et
al., 2008), was bath applied to the tissue. Single-pixel regions
around Alexa-594 labeled axon branches in the medial LSO were
targeted for RuBi-GABA uncaging using a 488 nm laser (Fig. 8D)
while measuring somatic responses. Responses were not detected
with single 100 ms laser pulses, but longer pulses (500 ms) or
trains of shorter pulses at axons (100 ms pulse duration, 5 Hz,
train duration 8-26 s) elicited a slow depolarization or inward
current in MNTB somata. With single 500 ms pulses, somatic
responses were observed in 3 of 7 cells (3.0 = 1.2 mV, n = 10
stimulations, 2 cells; —60.7 = 8.9 pA, 6 stimulations, 1 cell). The
average latency from the onset of laser illumination to the onset
of response was 127.9 = 30.0 ms (n = 16 responses in 3 cells). No
responses were observed if the laser was targeted 200300 wm off
the axons. Trains of laser pulses were more effective in eliciting
somatic responses, generating long-lasting depolarizations in all
MNTB neurons. This depolarization slowly increased through-
out the train (peak depolarization 8.7 = 3.5 mV, train onset to
response onset 568.4 * 485.6 ms, latency to response plateau
9.4 £ 1.8's, n = 13 trains in 6 cells; Fig. 8E, bottom). The longer
latencies observed with long train (8 —26 s) of shorter pulses com-
pared with single 500 ms illumination may be due to a slower
buildup of free, uncaged GABA perhaps exacerbated by diffusion
and/or GABA reuptake (Stephan and Friauf, 2014). Laser light in
the absence of RuBi-GABA did not elicit a response (1 = 5 cells;
Fig. 8E, top).

The RuBi-GABA evoked somatic depolarization indicates
long distance communication in MNTB axons, suggesting a long
passive length constant. The failure of RuBi-GABA uncaging to
elicit antidromic action potentials in the MNTB was unexpected
because the amplitudes of the second components in doublets
suggest action potential driven activation of multiple release sites

<«

which recordings were performed (tiled). Neuron is filled with 100 wm AlexaFluor-594 hydra-
zide viathe recording electrode (“recording”). Electrical pulses were delivered via a glass pipette
containing aCSF and 10 pum AlexaFluor-594 hydrazide in the LSO (“stim”). D, Zoom of filled axon
arbors in the LSO from a different cell as in A (single frame). Green circle represents region
targeted for laser stimulation with a 488 nm laser; laser focuses on a pixel at the center of the
circle. E, Top, Voltage traces from an MNTB somata in control (no RuBi-GABA) conditions. Ver-
tical lines indicate timing of single stimulating laser pulses, or laser pulse trains (pulse duration
100 ms). Spontaneous postsynaptic potentials visible, indicated. Bottom, Same cell as top, with
addition of RuBi-GABA to the bath solution (increased baseline noise due to the presence of
RuBi-GABA).
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Figure9. Photolyticuncaging of pHP-GABA at MNTB axon terminals via an optical fiber excites the MNTB soma. Ai, Bright-field
image of a 50-Lm-diameter optical fiber illuminating a region of the LSO, electrical stimulating electrode approaching from the
right. Aii, Diagram indicating reconstructed positions of illuminated areas (ovals), relative to MNTB axon position (same neuron as
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(Kim and Kandler, 2010). Potential con-
founding factors that may explain the in-
ability of RuBi-GABA uncaging to elicit
antidromic spikes include GABA concen-
tration (limited to 100 uwm RuBi-GABA)
or uncaging volume, if spillover excitation
requires interactions between MNTB
neurons at multiple axon terminals. To
overcome these limitations and increase
GABA concentrations and volume, we
used pHP-GABA, which, due to its higher
stability, allowed higher concentrations
(200-500 wMm) (Givens et al., 1998). To
increase uncaging volume, we used illu-
mination from a mercury lamp delivered
by a 50 or 200 wm optical fiber (Fig. 9A)
(Kim and Kandler, 2003; Kandler et al.,
2013). Under these conditions, single UV
light pulses (100—500 ms) delivered to the
MNTB axon terminals in the LSO reliably
elicited somatic depolarizations in 40% of
neurons (4.9 = 2.7 mV; n = 286 trials, 11
cells; Fig. 9B). The average latency from
flash onset to response onset was 172.2 =
152.6 ms (n = 166 responses in 5 cells

<«

inAiii). Red oval (position 1) represents uncaging location that
elicited a somatic response. Trace of corresponding somatic
response shown to the left. Blue dot indicates timing of uncag-
ing flash. Uncaging at nearby sections of axon did not evoke
somatic responses (blue circles). Trace 2 indicates somatic
voltage trace while uncaging at position 2. Blue dot indicates
timing of uncaging flash. Aiii, 3D projection, tiled, of filled
MNTB neuron, same scale and aligned with Aii. Recording and
stimulating electrodes contained AlexaFluor-594 hydrazide.
Aiv, Zoom of region indicated in Aiii. B, Overlay of 5 sequential
current-clamp traces at 20 s intervals showing somatic re-
sponse tofocal fiber uncaging of 200 um pHP-GABA in the LSO.
Representative response shown in black. Light flash from op-
tical fiber begins at the time indicated by the blue vertical line.
C, Summary of peak somatic voltage changes induced by pHP-
GABA uncaging at MNTB axon terminals in control conditions
(200 pum pHP-GABA), with 30 um gabazine, and after wash of
gabazine. D, Example of action potential recorded from MNTB
somata by pHP-GABA uncaging at MNTB axon terminals in the
LSO. E, Zoom of action potential from D. F, Example trace
showing the voltage responses of an MNTB neuron to somatic
current injection (60 pA, 10 ms). Left, Without light flash, the
current injection evokes a subthreshold depolarization. Inset,
Zoom of subthreshold current. Right, Light flash begins at the
vertical blue line, approximate period of slow somatic depolar-
ization indicated by shaded box. Identical current injection (60
pA, 10 ms), timed to coincide with the peak of the depolarizing
response, evokes an action potential. Inset, Zoom of action
potential waveform. G, Plot of the amplitude of the voltage
response evoked in MNTB somata by currentinjection through
the recording pipette (duration 10 ms) of varying amplitudes.
I-injection (x-axis) is relative to the amount of current that
evoked action potentials in control conditions (set to 0 pA).
Black represents amplitude of voltage traces for l-injection in
control conditions (no light flash). Red represents amplitude of
voltage traces during pHP-GABA uncaging (with light flash) at
MNTB axon terminals. Oval represents the current injection
amplitude at which action potentials are evoked in light flash
conditions, but not in control conditions.
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using 50 wm fibers). This latency is still considerably longer than
expected based on the latencies between double components.
Whereas limitations in buildup of free GABA, similar to those
described for the RuBi-GABA experiments, apply for the pHP-
GABA as well, the longer latencies of somatic depolarization ob-
served with uncaging may indicate that doublets are the result of
local spiking with the local axon arbors that fail to backpropagate
to the MNTB soma.

Responses elicited by uncaging pHP GABA were blocked by
30 uM gabazine, indicating that GABA 4R activation is necessary
for GABA uncaging elicited somatic depolarizations (Fig. 9C).
Fiber positions were selected using bright-field optics and a CCD
camera, so experiments were blind as to the axon arbor location.
Post hoc localization of axon arbors confirmed that uncaging re-
gions that successfully elicited somatic responses indeed con-
tained MNTB axon terminals (Fig. 9Aiii,iv) and were spatially
restricted (average region that evoked a response: 45.2 = 20.6
um, nn = 6 cells). Uncaging along the axon did not elicit responses
(Fig. 9A).

GABA,R activation by axonal pHP-GABA uncaging could
also trigger an action potential (3 of 11 neurons; latency from
flash onset to spike 423.5 * 454.5 ms, n = 3 neurons; not differ-
ent from latency from flash onset to response onset in no-spike
trials, p = 0.28; Fig. 9E, F). We attribute the larger variability and
longer average latencies of somatic depolarizations elicited by
axonal GABA uncaging compared with the latencies between the
doublet components, to a slow buildup of free GABA at respon-
sive axon terminals due to poor UV light penetration into the
slice combined with a variable depth of the axon in the slice.
Consistent with this explanation, the shortest latency of
spike responses was observed in an axon with terminals at the
slice surface.

Finally, we examined whether subthreshold depolarization
can increase excitability of MNTB neurons by bringing the mem-
brane potential closer to spike threshold. To test this, we paired
pHP-GABA uncaging at MNTB axon terminals with somatic
current injections. Axon-elicited somatic depolarizations low-
ered the amplitude of current injection necessary to evoke an
action potential in 5 of 6 cells (excitability index of 0.69 * 0.51,
n = 18 pairs of control and GABA stimuli, 6 cells; Fig. 9F,G).
Therefore, focal GABA application to MNTB axon terminals by
uncaging could directly evoke a spike that was measured at the
soma, and could also increase the excitability of the soma in
response to subthreshold stimuli.

Discussion

Here we provide evidence that GABA released from MNTB axon
terminals in the LSO can spill over to neighboring terminals ac-
tivating GABA, receptors. At MNTB axon terminals, GABA is
excitatory, causing neurotransmitter release. GABA depolariza-
tion elicited in the terminal propagated back to the MNTB cell
bodies, increasing their excitability. Interaxonal GABA spillover
provides a novel mode of communication between neighboring,
likely tonotopically related, MNTB neurons.

Mechanism of interaxonal communication between

MNTB neurons

We propose that excitatory GABA spillover between MNTB axon
terminals can generate doublet PSCs in LSO neurons. According
to this scenario, the first component of the doublet PSC is due to
direct electrical stimulation-evoked neurotransmitter release
from MNTB axons. The second component is due to GABA spill-
over between different MNTB axons in the LSO, causing excita-
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tion via activation of axon terminal GABA,R, and additional
neurotransmitter release at a slight (~3 ms) delay. Doublets are a
robust occurrence in the slice preparation, observed in >50% of
cells in animals aged P3-P21. Although postsynaptic GABA \R-
mediated responses are reduced with development (Kotak et al.,
1998; Kullmann et al., 2002; Nabekura et al., 2004; Kim and Kan-
dler, 2010), MNTB neurons continue to show immunohisto-
chemical evidence for GABA production into adulthood
(Dupont et al., 1990; Henkel and Brunso-Bechtold, 1998; Korada
and Schwartz, 1999). Our results argue against potential alterna-
tive explanations for the doublet PSCs. First, multicomponent
PSCs could arise from repeated spiking of an MNTB axon. How-
ever, in our preparation, MNTB axons could not release neu-
rotransmitter at the rate of ~300 Hz that would be necessary to
account for the ~3 ms interval between doublet components
(Fig. 2A). Second, doublet PSC may be caused by activation of a
disynaptic pathway. However, this would require GABAergic ex-
citation of an intermediate cell, which is unlikely to occur after
P10 because doublets still occur when GABA has become hyper-
polarizing in the SOC (Kandler and Friauf, 1995; Kullmann and
Kandler, 2001; Lohrke et al., 2005). Third, electrical coupling by
gap junctions of MNTB axons could mediate interaxonal com-
munication. This also is unlikely as the ~3 ms latency between
doublet components is too slow for this scenario (Schmitz et al.,
2001b; Apostolides and Trussell, 2013). Fourth, the doublets may
result from activation of MNTB axons with different conduction
velocities or speeds of release. However, in this scenario, we
would not expect an abrupt loss of the second doublet compo-
nent at high stimulus intensities that we observed. Fifth, the two
components of the doublet PSCs may be mediated by different
neurotransmitters at different synapses such that receptor antag-
onists simply inhibit one set of synapses. However, this would
predict that the second component would be reduced gradually
with antagonist wash-in, contrary to the stochastic “blinking” of
the second doublet component that we observed.

Excitatory GABA spillover depends on a high intracellular
chloride concentration in MNTB axon terminals. In the develop-
ing SOC, GABA, and glycine receptor currents measured at the
soma switch from depolarizing to hyperpolarizing early in devel-
opment as intracellular chloride concentrations decrease (Kan-
dler and Friauf, 1995; Ehrlich et al., 1999; Kullmann and Kandler,
2001; Lohrke et al., 2005). The fact that GABA-mediated doublets
persist at least through the third postnatal week indicates that
MNTB axon terminals maintain a high chloride concentration,
consistent with what has been shown in terminals from other
neurons (Zhang and Jackson, 1995; Price and Trussell, 2006; Del-
lal et al., 2012).

GABA spillover excitation at MNTB axon terminals highlights
the important role of GABA reuptake in this auditory circuit
(Stephan and Friauf, 2014). Although the presence or develop-
mental regulation of neurotransmitter transporters in the SOC is
still poorly understood, our results predict that regulation of re-
uptake mechanisms in the LSO are important to regulate matu-
ration and synaptic processing in the MNTB-LSO pathway.

Mechanism of MNTB excitation by interaxonal GABA
spillover excitation

Work presented here describes a novel mechanism of communi-
cation between MNTB neurons by demonstrating interaxonal
excitatory GABA spillover. Through this mechanism, MNTB
axon terminals can recruit other nearby terminals and signal in
noncanonical directions, from the axon terminal back to the
soma. Interaxonal GABA spillover between MNTB neurons may
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augment signaling in three general ways, including increasing
neurotransmitter release locally at axon terminals, generating
subthreshold depolarization of the soma, and directly evoking
somatic spikes. First, axon terminal depolarization via GABA
spillover may affect neurotransmitter release by altering action
potential propagation or the likelihood that an action potential
will trigger vesicle fusion, as has been shown in other systems
(Schmitz et al., 2001a; Ruiz et al., 2003, 2010; Alle and Geiger,
2006, 2007; Shu et al., 2006; Kole et al., 2007; Christie and Jahr,
2008), including the auditory system (Turecek and Trussell,
2001; Paradiso and Wu, 2009). However, our results investigating
PPRs and spontaneous PSC rates suggest that GABA spillover is
not affecting the probability of neurotransmitter release in this
manner. Second, passive subthreshold depolarization of the
MNTB soma initiated by axon terminal GABA R activation may
enhance the excitability of the neuron in response to additional
signals, such as synaptic inputs. This mechanism is supported by
our experiments pairing subthreshold GABA-evoked depolariza-
tion with an additional subthreshold signal to generate somatic
spikes. Finally, our results also support the ability of GABA
spillover-evoked depolarization at axon terminals to directly ex-
cite the soma (Trigo et al., 2010) and generate somatic action
potentials, as has been shown in cerebellum (Pugh and Jahr,
2013), which can initiate signaling independent of additional af-
ferent activity.

MNTB neurons receive one single, large and secure excitatory
synapse, the calyx of Held, formed by axons from globular bushy
cells (Morest, 1968; Smith et al., 1991; Kandler and Friauf, 1993;
Schneggenburger and Forsythe, 2006; Hoffpauir et al., 2010; Hol-
comb et al., 2013). Because of this characteristic 1:1 innervation,
the highly secure synaptic transmission, and the absence of local
MNTB collaterals (Banks and Smith, 1992; Sommer et al., 1993;
Smith et al.,, 1998), MNTB neurons are generally regarded as
parallel relays. Excitatory GABA spillover between MNTB axons
modifies this view by providing a means through which MNTB
neurons can communicate with each other.

Possible function of interaxonal GABA spillover in the
MNTB-LSO pathway

Projections from the MNTB to the LSO undergo functional and
structural refinement during development. Before hearing onset,
MNTB synapses onto LSO neurons are either silenced or strength-
ened. After hearing onset, this is followed by pruning of MN'TB axon
collaterals, resulting in a tonotopically more precise circuit (Sanes,
1993; Kim and Kandler, 2003; Hirtz et al., 2012; Clause et al., 2014).
GABA spillover excitation may be a mechanism that participates in
this functional refinement by coordinating neurotransmitter release
from neurons with similar tonotopic locations. Simultaneous acti-
vation of MNTB neurons with a high degree of axon terminal over-
lap in the LSO would favor GABA spillover and the recruitment of
axon terminals arising from tonotopically similar but not concur-
rently active MNTB neurons, selectively enhancing these connec-
tions. Conversely, axon terminals from different tonotopic regions
that have little or no axon terminal overlap would be unlikely to
entrain one another, resulting in a weakening and loss of these con-
nections. Interestingly, GABA spillover by repeated axon stimula-
tion is most pronounced at 50 Hz, which is a spike frequency that
rarely occurs in spontaneous activity before hearing onset (Tritsch et
al.,2010; Clause etal., 2014). Because there is a paucity of 50 Hz firing
in vivo, the entrainment of low-density boutons from tonotopically
distant MNTB neurons would be minimal. Intriguingly, spontane-
ous firing rates ~50 Hz are prominent in mice which lack the a9
acetylcholine receptor subunit in cochlear hair cells, and likewise
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show an impairment in the tonotopic refinement of the MNTB-LSO
pathway (Clause et al., 2014).

After hearing onset (~P12 in rodents), MNTB neurons in vivo
fire at ~10-60 Hz spontaneously and have sound evoked firing
rates upward of 100 Hz (Spirou et al., 1990; Sommer et al., 1993;
Smith et al., 1998; Kopp-Scheinpflug et al., 2003; Kadner et al.,
2006; Hermann et al., 2007; Tolnai et al., 2008). Therefore, the
neurotransmitter spillover excitation mechanism may be fully
engaged in vivo without sound stimulation. As MNTB neurons
are primarily glycinergic after hearing onset, spillover at this age
may be mediated primarily by glycine. MNTB neurons with a
high degree of axon arbor overlap, specifically neurons from the
same tonotopic location in the MNTB, may tonically depolarize
each other, perhaps contributing to the reliable postsynaptic
spiking.
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